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POLYMER-CONTAINING ORGANO-METAL CATALYSTS 

Technical Field 

[0001] This invention generally relates to catalysts. More particularly, the invention 
relates to polymer-containing organo-metal catalysts useful in the polymerization of 
macrocyclic oligoesters. 

Background Information 
[0002] Linear polyesters such as poly(alkylene terephthalate) are generally known and 
commercially available where the alkylene typically has 2 to 8 carbon atoms. Linear 
polyesters have many valuable characteristics including strength, toughness, high gloss, 
and solvent resistance. Furthermore, polyesters may be fabricated into articles of 
manufacture by a number of well-known techniques including injection molding, roto- 
molding, and extrusion. 

[0003] Recently, macrocyclic oligoesters were developed as precursors to polyesters. 
Macrocyclic oligoesters exhibit low melt viscosity, which can be advantageous in certain 
applications. Furthermore, certain macrocyclic oligoesters melt and polymerize at 
temperatures well below the melting point of the resulting polymer. Upon melting and in 
the presence of an appropriate catalyst, polymerization and crystallization can occur 
virtually isothermally. 

[0004] Catalysts that may be used in the polymerization of macrocyclic oligoesters 
include various organo-metal compounds, including conventional, non-polymer- 
containing organotin compounds and titanate esters. It is desirable to have organotin 
compounds and titanate esters that are less moisture sensitive so that they may be stored 
and handled with ease in ambient air. Such catalysts are more suitable for preparing a 



stable and easy-to-handle blend material of a macrocyclic oligoester and a polymerization 
catalyst (i.e., a one-component ready-to-use mixture). 

[0005] Furthermore, the required volume ratio of a macrocyclic oligoester to a 
conventional catalyst (e.g., organotin compounds or titanate esters) is very high, typically 
greater than 100:1. See, e.g., U.S. Patent No. 5,466,744 to Evans et ah The high volume 
ratio requires sophisticated and costly metering and mixing equipment to properly 
introduce and disperse the relatively small amount of catalyst. This is of particular 
concern in liquid molding applications. 

Summary of the Invention 
[0006] Novel polymer-containing organo-metal catalysts have been prepared that are 
much less sensitive to moisture and that have much larger molar volume and much 
greater molecular weight. Such polymer-containing organo-metal catalysts are 
particularly useful for the polymerization of macrocyclic oligoesters in liquid molding 
applications. In addition, these catalysts are well-suited for preparing a blend material of 
a macrocyclic oligoester and a catalyst where the blend is stable at ambient storage 
conditions. 

[0007] In one aspect, the invention is directed to a polymer-containing catalyst that 
includes a compound of the formula 

(Ri—Y 1 ^— M — (-Y 2 — R 2 )j. 
Each R 1 may be an alkyl group or an alkyl ether group, each having between 1 and 20 
carbon atoms. Additionally, two or more R 1 groups may be attached, thereby forming 
either an alkyl group or an alkyl ether group having between 1 and 20 carbon atoms. 
Each R 2 independently is a polymeric group containing 25 or more carbon atoms, and at 
least one R includes a polyalkylene group of 25 or more carbon atoms, a polyether 
group, or both. In addition, i is an integer equal to or greater than zero, while j is an 
integer equal to or greater than one. Each Y 1 and Y 2 is either a single bond or a 
heteroatom selected from the group consisting of O, S, and N. M is a metal-containing 
group, and may be Ti, Sn, or -Z 1 -(X) k -Z 2 -, where each of Z 1 and Z 2 independently is Ti or 



Sn, and each X independently is O or 0-R 3 -0, where R 3 is an alkylene group, and k is 1, 
2, or 3. 

[0008] In another aspect, the invention is directed to a polymer-containing catalyst that 
is prepared by chemically bonding a titanium-based catalyst or a tin-based catalyst with 
one or more polymeric groups. Each of the one or more polymeric groups contains 25 or 
more carbon atoms. One or more of the polymeric groups includes a polyalkylene group 
that has 25 or more carbon atoms, a polyether group, or both. 

[0009] In yet another aspect, the invention is directed to a polymer-containing catalyst 
having the molecular formula 

Ti-fOR) 4 , 

where each R independently is a polymeric group having 25 or more carbon atoms. 
[0010] In yet another aspect, the invention is directed to a polymer-containing catalyst 
having the molecular formula 

(RV- Sn— fOR 2 ) 2 . 

[0011] Each R 1 independently is, or two R 1 groups taken together are, an alkyl group or 
an alkyl ether group each having between 1 and 20 carbon atoms. Each R 2 independently 
is a polymeric group having 25 or more carbon atoms. 

[0012] In yet another aspect, the invention is directed to a method of preparing a 
polymer-containing organo-metal catalyst. The method generally includes the steps of 
providing an organo-metal compound that contains an alkoxy metal moiety; providing a 
polymer containing 25 or more carbon atoms, a hydroxyl group, and a polyalkylene 
group and/or a polyether group; and contacting the organo-metal compound and the 
polymer at an elevated temperature. The chemical reaction between the alkoxy metal 
moiety of the organo-metal compound and the hydroxyl group of the polymer produces 
the polymer-containing catalyst. 



[0013] In yet another aspect, the invention is directed to a blend material that contains a 
macrocyclic oligoester and a polymerization catalyst. The macrocyclic oligoester 
includes a structural repeat unit of the formula 

O O 

ii ii 

O A O C B C 

where A is an alkylene, a cycloalkylene, or a mono- or polyoxyalkylene group; and B is a 
divalent aromatic or alicyclic group. The polymerization catalyst contains a polymeric 
group that has 25 or more carbon atoms. 

[0014] In yet another aspect, the invention is directed to a method for polymerizing a 
macrocyclic oligoester. The method includes the step of contacting a macrocyclic 
oligoester and a polymerization catayst at an elevated temperature. The polymerization 
catalyst has a polymeric group with at least 25 carbon atoms. 

[0015] In yet another aspect, the invention is directed to a method for polymerizing a 
macrocyclic oligoester. The method includes the steps of providing a molten 
macrocyclic oligoester in a mold; providing a molten polymerization catalyst in the mold; 
and contacting the molten macrocyclic oligoester and the molten polymerization catalyst 
inside the mold, thereby causing polymerization of the macrocyclic oligoester. The 
polymerization catalyst contains a polymeric group having 25 or more carbon atoms. 
[0016] In yet another aspect, the invention is directed to a polymer-containing catalyst 
that is prepared by bonding a catalyst with one or more polymeric groups. Each of the 
one or more polymeric groups contains 25 or more carbon atoms. One or more of the 
polymeric groups includes a polyalkylene group that has 25 or more carbon atoms, a 
polyether group, or both. 

Description 

[0017] According to the present invention, polymer-containing catalysts (e.g., polymer- 
containing organo-metal catalysts) are prepared that are useful in various applications 
(e.g., for polymerizing macrocyclic oligoesters). The use of these new catalysts in 
polymerization reactions offers various advantages over the previous use of non-polymer- 
containing catalysts, including the improved ability to store and handle the catalyst in 
open air, increased molar volume and molecular weight of the catalyst, and the improved 



ability to prepare, store, and handle a blend of reactants and the catalyst (e.g., a 
macrocyclic oligoester and a polymerization catalyst) for subsequent one-step reaction 
(e.g., polymerization of macrocyclic oligoesters). 

Definitions 

[0018] The following general definitions may be helpful in understanding the various 
terms and expressions used in this specification. 

[0019] As used herein, a "macrocyclic" molecule means a cyclic molecule having at 
least one ring within its molecular structure that contains eight or more atoms covalently 
connected to form the ring. 

[0020] As used herein, an "oligomer" means a molecule that contains two or more 
identifiable structural repeat units of the same or different formula. 
[0021] As used herein, an "oligoester" means a molecule that contains two or more 
identifiable ester functional repeat units of the same or different formula. 
[0022] As used herein, a "macrocyclic oligoester" means a macrocyclic oligomer 
containing two or more identifiable ester functional repeat units of the same or different 
formula. A macrocyclic oligoester typically refers to multiple molecules of one specific 
formula having varying ring sizes. However, a macrocyclic oligoester may also include 
multiple molecules of different formulae having varying numbers of the same or different 
structural repeat units. A macrocyclic oligoester may be a co-oligoester or multi- 
oligoester, i.e., an oligoester having two or more different structural repeat units having 
an ester functionality within one cyclic molecule. 

[0023] As used herein, a "blend material" is understood to mean a mixture of two or 
more components including at least one macrocylic oligoester and at least one 
polymerization catalyst. Preferably the blend material is uniformly mixed. A blend 
material may also include a filler as well as other components recognized by a skilled 
artisan. 

[0024] As used herein, a "polymeric group" means a group of high relative molecular 
mass, the structure of which essentially contains the multiple repetition of units (i.e., 
monomers) derived, actually or conceptually, from molecules of low relative molecular 
mass. 



[0025] As used herein, a "polymer-containing catalyst" means a catalyst wherein one or 
more polymeric groups are chemically bonded, directly or indirectly, to the active center 
of the catalyst. 

[0026] As used herein, a "co-polymeric group" means a polymeric group derived from 
two or more species of monomer. 

[0027] As used herein, an "alkylene group" means substituted or unsubstituted -C n H 2n -, 
where2<n< 15. 

[0028] As used herein, a "polyalkylene group" means a polymeric group where the 
monomer(s) is one or more alkylene units such as substituted or unsubstituted -C n H 2n - 
where n > 20. One or more H's may be substituted by, for example, an alkyl group, a 
halogen, a hydroxyl, or an alkoxy group. Illustrative examples of polyakylene groups 
include polyethylene, polybutylene, polyisopropylene, and copolymers thereof. 
[0029] As used herein, an "alkyl ether group" means two alkyl groups linked together 
by an oxygen atom. 

[0030] As used herein, a "polyether group" means a polymeric group wherein the 
monomer(s) is one or more ether units such as a diethyl ether. Illustrative examples of 
polyether groups include polydiethylether groups, polymethylethylether groups, and co- 
polymers thereof. 

[0031] As used herein, an "alicyclic group" means a non-aromatic hydrocarbon group 
containing a cyclic structure. 

[0032] As used herein, a "cycloalkylene group" means a cyclic alkylene group, 
-C n H 2n -x-, where x represents the number of H's replaced by cyclization(s). 
[0033] As used herein, a "mono- or polyoxyalkylene group" means 
[-(CH 2 ) m -0-] n -(CH 2 ) m -, wherein n is an integer greater than zero and m is an integer 
greater than one. 

[0034] As used herein, a "divalent aromatic group" means an aromatic group with two 
links to other parts of the macrocyclic molecule. For example, a divalent aromatic group 
may include a meta- or para- linked monocyclic aromatic group (e.g., benzene). 
[0035] As used herein, an "acyclic group" is a group which does not contain a cyclic 
molecular structure. 



[0036] As used herein, an "alkoxy metal moiety" means a moiety containing a metal 
atom where the metal atom is chemically bonded to an oxygen atom, which in turn is 
bonded to an alkyl group. Illustrative examples of alkoxy metal moieties include Ti-O- 
isopropyl and Sn-O-n-butyl. 

[0037] As used herein, a "filler" means a material other than a macrocyclic oligoester 
or a polymerization catalyst that may be included in the blend material. A filler may be 
included to achieve a desired purpose or property, and may be present in the resulting 
polyester polymer. Purposes include providing chemical, thermal, or light stability; 
providing weight or bulk; providing flame resistance; substituting a more expensive 
material; facilitating processing; and/or providing other desirable properties as 
recognized by a skilled artisan. Illustrative examples of fillers are, among others, fumed 
silica, titanium dioxide, calcium carbonate, chopped fibers, fly ash, glass microsphperes, 
micro-balloons, crushed stone, nanoclay, linear polymers and monomers, and 
combinations thereof. 

I. Polymer-Containing Organo-Metal Catalysts 

[0038] Generally, a catalyst is any substance that increases the rate of a chemical 
reaction without itself being substantially consumed. Illustrative examples of catalysts 
include metals, alloys, and intermetallic compounds; oxides; salts; sulfides; acids; bases; 
bifunctional compounds; organic ion exchangers; metal coordination complexes (e.g., 
Ziegler-Natta catalysts); zeolites; and enzymes. Catalysts may be supported, 
unsupported, precipitated, impregnated, skeletal, fused, molten, dried, calcinated, and 
reduced, for instance. Illustrative examples of chemical reactions that may be catalyzed 
by one or more catalysts include polymerization reactions, depolymerization reactions, 
transesterification reactions, radical chain reactions, and nucleophilic substitution 
reactions. 

[0039] Conventional organo-metal catalysts that may be suitable for use in the 
polymerization of macrocyclic oligoesters include, for example, various titanate esters, 
such as tetra-isopropyl titanate, and various organotin compounds, such as di-n- 
butyltin(IV) oxide. Certain other organo-metal catalysts that may be suitable for use in 



the polymerization of macrocyclic oligoesters have a more complex molecular structure, 
such as dimeric or trimeric stannoxanes. 

[0040] Generally, polymer-containing organo-metal catalysts can provide improvement 
in catalyst performance and utility, including, for example, reduced sensitivity to 
moisture, increased molecular weight and molar volume, and increased catalytic stability 
as a component in a blend material with a macrocyclic oligoester. 
[0041] In one aspect, the invention is directed to a polymer-containing catalyst that 
includes a compound of the molecular formula 

(R 1 — Y 1 -^ — M — f Y 2 — R 2 )j. 

[0042] Each R 1 is either an alkyl group or an alkyl ether group, each having between 1 
and 20 carbon atoms. The alkyl groups and the alkyl ether group may be branched or 
unbranched, cyclic or acyclic, and substituted or unsubstituted. R 1 may contain 
substitution groups including halogens, hydroxyl, ketone, and alkoxy groups, for 
example. Additionally, two or more R 1 groups may be attached to form either an alkyl 
group or an alkyl ether group having between 1 and 20 carbon atoms. Illustrative 
examples of alkyl groups include methyl, ethyl, propyl, isopropyl, n-butyl, isobutyl, and 
pentyl groups. Illustrative examples of alkyl ether groups include diethyl ether, methyl- 
ethyl ether, methyl-n-propyl ether, methyl-isopropyl ether, and di-n-butyl ether groups. 
[0043] Each R 2 independently is a polymeric group containing 25 or more carbon 
atoms. At least one R 2 includes a polyalkylene group having 25 or more carbon atoms, a 
polyether group, or both. Illustrative examples of polyalkylene groups include 
polyethylene, polypropylene, polyisopropylene, polybutylene, polyisobutylene groups, 
and co-polyalkylenes thereof. Illustrative examples of polyether groups include 
polyalkylene glycol groups such as polyethylene glycol, polypropylene glycol, 
polybutylene glycol, and co-polyether groups thereof. In certain embodiments, R 2 is a 
co-polymeric group of two or more of the polyalkylene and/or polyether groups. For 
instance, R 2 may be a copolymeric group of polyethylene and polyethylene glycol). The 
polyalkylene groups and the polyether groups may be branched or unbranched, cyclic or 
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acyclic, substituted or unsubstituted. In addition, R 2 may be a random co-polymeric 
group or a block co-polymeric group. 

[0044] The compound of the above formula contains at least one polymer-containing 
branch. Thus, i is an integer equal to or greater than zero, while j is an integer equal to or 
greater than one. In certain embodiments, the sum of i and j is 4. In exemplary 
embodiments, combinations of i andj include, i=0 andj=4; i=l andj=3; i=2 andj=2; and 
i=3 and j=l. In other embodiments, the sum of i and j is 6. In exemplary embodiments, 
combinations of i and j include i=0 and j=6; i=l andj =5; i=2 and j=4; i=3 and j=3; i=4 
and j=2; and i=5 and j=l. 

[0045] Each Y 1 and Y 2 is a single bond or a heteroatom selected from the group 
consisting of 0, S, and N. The single bond may be a covalent bond or a non-covalent 
O bond. M is a metal-containing group, and may be Ti, Sn, or -Z 1 -(X) k -Z 2 -. In the latter 

ssstt. 

]2 group, each of Z 1 and Z 2 independently is Ti or Sn; each X is O or -0-R 3 -0- ? where R 3 is 

W an alkylene group; and k is 1, 2, or 3. R 3 may be branched or unbranched, cyclic or 

M acyclic, substituted or unsubstituted. Illustrative examples of R 3 include a methylene 

jj* group, an ethylene group, a propylene group, and an n-butylene group. For instance, 
p when k is 2, X is -0-R 3 -0-, R 3 is an ethylene group, and Z 1 and Z 2 are each Ti, the 

O. corresponding -Z^PQk-Z 2 - group would be — Ti— (0-CH 2 -CH 2 -0) 2 — Ti— . 
^ [0046] In one embodiment, the portion of the molecular formula, (R 1 — Y 1 -)*, 

ny represents one or more branches of an original organo-metal catalyst remaining after a 

reaction to attach via a substitution or a coupling reaction, for example, one or more 

polymer-containing branches. The polymer-containing branch or branches are 

represented by the portion of the molecular formula f Y 2 — R 2 )j. 

[0047] In certain embodiments, the polymer-containing catalyst is a mixture of 

compounds, at least one of which has the molecular formula: 

(R 1 — Y 1 ^— M — f Y 2 — R 2 )j. 

[0048] In certain embodiments, the polymer-containing catalyst is a mixture of 
compounds, each of which has the above molecular formula. In other embodiments, the 
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polymer-containing catalyst is a mixture of compounds, at least one of which does not 
have the above molecular formula. 

[0049] In general, in another aspect, embodiments of the invention feature a polymer- 
containing catalyst prepared by chemically bonding a titanium-based catalyst or a tin- 
based catalyst with one or more polymeric groups. Each of the one or more polymeric 
groups contains 25 or more carbon atoms. At least one of the one or more polymeric 
groups contains a polyalkylene group having 25 or more carbon atoms, a polyether 
group, or both. 

[0050] Illustrative examples of polyalkylene groups include polyethylene, 
polypropylene, polybutylene, polyisopropylene, polyisobutylene, and co-polyalkylene 
groups thereof. Illustrative examples of polyether groups include polyalkylene glycol 
groups such as polyethylene glycol, polypropylene glycol, polybutylene glycol, and co- 
polyether groups thereof. In some embodiments, R 2 is a co-polymeric group of two or 
more of the polyalkylene and/or polyether groups. For instance, R 2 may be a co- 
polymeric group of polyethylene and polyethylene glycol). The polyalkylene group and 
the polyether group may be branched or unbranched, cyclic or acyclic, substituted or 
unsubstituted. 

[0051] The chemical bond between the Ti-based or Sn-based catalyst and the one or 
more polymeric groups may be a covalent bond or a non-covalent bond, a single bond or 
a multiple bond, a bond between a metal atom and a non-metal atom, or a bond between 
two non-metal atoms. The chemical bond may be formed by any chemical reaction, such 
as a substitution or a coupling reaction. 

[0052] Illustrative examples of conventional (i.e., non-polymer-containing) titanium- 
based catalysts that may be convertible to polymer-containing catalysts include 
tetraisopropyl titanate, tetra(2-ethylhexyl) titanate, and tetrabutyl titanate. Illustrative 
examples of conventional tin-based catalysts that may be modified to become polymer- 
containing catalysts include stannous ethoxide, stannous propoxide, n-butyltin(TV) 
chloride dihydroxide, dialkyltin(IV) oxides (e.g., di-n-butyltin(IV) oxide, di-n- 
octyltin(IV) oxide), acyclic and cyclic monoalkyltin(IV) derivatives (including n-butyltin 
tri-n-butoxide), acyclic and cyclic dialkyltin(IV) dioxides (including di-n-butyltin(IV) di- 
n-butoxide and heterocyclic analogues thereof, such as 2,2-di-n-butyl-2-stanna-l,3 
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dioxacycloheptane), 1 , 1 ,6,6-tetra-n-butyl- 1 ,6-distanna-2,5,7, 1 0-tetraoxacyclodecane, and 
trialkyltin alkoxides (e.g., tributyltin ethoxide). 

[0053] Table 1 and Table 2 contain additional illustrative examples of conventional 
titanium-based and tin-based catalysts, respectively, that may be modified to include 
polymeric groups. 
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Table 1 Titanium-based Catalysts 




C4H9 



Di-l -butyl 2,2-dimethylpropane- 
1,3-dioxytitanate 




C 4 H 9 < 



CH 2 CH 2 CH 3 



Di-l -butyl 2(l-propyl)-2- 
methy lpropane- 1 ,3 -dioxytitanate 




,CH 2 CH 3 



C4H9O 0 1 tH 2 CH 3 

Di-l -butyl 2,2-diethy lpropane- 
1,3 -dioxytitanate 

AH 7 




•C 2 H 5 



C4H9' 



Di-l-butyl 2-ethylhexane- 
1,3-dioxytitanate 



C S H 17 0^ O- 
Ti 



C 8 H 17 i 



/V 



CH 3 



CH 3 



C 8 H, 7 0^ O 



C 8 H, 




C 2 H 5 



C 2 H 5 



Di(2-ethyl- 1 -hexyl) 2 ,2-dimethy lpropane- 
1,3 -dioxytitanate 




C3H7 



Di(2-ethyl- 1 -hexyl) 2-( 1 -propy l)-2- 
methylpropane- 1 ,3 -dioxytitanate 



C 2 H 5 




C 8 Hi 



C4H9 



Di(2-ethyl-l-hexyl) 2,2-diethylpropane- 
1,3-dioxytitanate 



.C3H7 




"C 2 H 5 



Di(2-ethy 1- 1 -hexyl) 2-ethy lhexane- 
1,3 -dioxytitanate 



Di(2-ethyl-l -hexyl) 2-(l-butyl)-2- 
ethylpropane- 1 ,3 -dioxytitanate 
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,CH, 



C9H 



2^5 



-CH 3 C 2 H 5 - 



-o o- 



A 

-o o- 



,C 2 H 5 
-C 2 H 5 



Bis(2,2-dimethyl-l,3-propylene) titanate 



Bis(2,2-diethyl- 1 ,3 -propylene) titanate 



H 3 - 
C3H7 




A 

-o 0 




C 2 H 5 



C3H7 C4H9 



■\/° 

A 

-o o 




f C 2 H 5 
C 4 H9 



Bis(2-(l-propyl)-2-methyl-l,3-propylene) titanate Bis(2-(l-butyl)-2-ethyl- 1,3 -propylene) titanate 

P 



C9H' 



2 n 5 




C^O Tr 



-o o- 

Bis(2-ethyl- 1 ,3-hexylene) titanate 
P 




-CH, 



1 -( 1 -Butoxy)-4-methyl-2,6,7-trioxa- 
l-titanabicyc!o[2,2,2]octane 



C 8 H 17 0 Tr 0 





-C 2 H 5 



l-(2-ethyl-l-hexoxy)-4-methyl-2,6,7-trioxa- 
1 -titanabicyclo [2,2,2] octane 




-C 2 H 5 



H 3 C— CH 

\ 



1 -( 1 -Butoxy)-4-ethyl-2,6,7-trioxa- 
1 -titanabicycIo[2,2,2]octane 



0 Ti O 



1 -(2-ethyl- 1 -hexoxy)-4-ethyl-2,6,7-trioxa- 
1 -titanabicyclo[2,2,2]octane 




-C 2 H 5 



H2-Propoxy)-4-ethyl-2,6,7-trioxa- 
1 -titanabicyclo[2,2,2] octane 
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Table 2 Tin-based Catalysts 

dimeric and trimeric stannoxanes of the general formulas: 




where R 2 is a Cm primary alkyl group and R 3 is a C M0 alkyl group. 

[0054] In yet another aspect, the invention features a polymer-containing catalyst 
having the molecular formula 

Ti— fOR) 4 , 

where each R independently is a polymeric group containing 25 or more carbon atoms. 
[0055] Illustrative examples of R groups include polymeric groups such as 
polyalkylene groups, polyether groups, polyester groups, polycarbonate groups, and 
polystyrene groups. In one embodiment, at least one R is a polyalkylene group 
containing 25 or more carbon atoms. Illustrative examples of polyalkylene groups 
include polyethylene, polypropylene, polyisopropylene, poly-n-butylene, 
polyisobutylene, and co-polyalkylene groups thereof. In another embodiment, each of 
the four R groups is a polyethylene group. 

[0056] In another embodiment, at least one R is a polyether group containing 25 or 
more carbon atoms. Illustrative examples of polyether groups include polyalkylene 
glycol groups such as polyethylene glycol, polypropylene glycol, polybutylene glycol, 
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and co-polyether groups thereof. In some embodiments, R is a co-polymeric of two or 
more of the polyalkylene and/or polyether groups. For instance, R may be a co- 
polymeric group of polyethylene and polyethylene glycol). 

[0057] Each R (e.g., a polyalkylene group or a polyether group) independently may be 
branched or unbranched, cyclic or acyclic, substituted or unsubstituted. Also, R may be a 
random co-polymeric group such as a poly(ethylene-ran-l,2-butylene) group, or block 
co-polymeric group such as polyethylene-block-poly(ethylene glycol). The terms "ran" 
and "block" denote random co-polymer and block co-polymer, respectively. Each R may 
be different; or two, three, or all four R groups may be identical. In addition, the above 
formula encompasses a plurality of stereoisomers (both geometric and optical). For 
example, the chemical formula (R x ) 2 Ti(R y ) 2 includes the embodiments of both of the 
following which have different arrangements of the R x and R y groups about the Ti atom: 



[0058] In still another aspect, embodiments of the invention feature a polymer- 
containing catalyst having the molecular formula 



branched or unbranched, cyclic or acyclic, and substituted or unsubstituted. R 1 may 
contain substitution groups including halogens, hydroxyl, ketone, alkoxy, and amino 
groups. Additionally, two or more R 1 groups may be attached thereby forming either an 
alkyl group or an alkyl ether group having between 1 and 20 carbon atoms. Illustrative 
examples of alkyl groups include methyl, ethyl, propyl, isopropyl, n-butyl, isobutyl, and 





(RV- Sn-fOR 2 ) 2 , 



wherein each R is either an alkyl group or an alkyl ether group having between 1 and 20 
carbon atoms. Each R 2 is a polymeric group containing 25 or more carbon atoms. 
[0059] Each R 1 (e.g., an alkyl group or an alkyl ether group) independently may be 
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pentyl groups. Illustrative examples of alkyl ether groups include diethyl ether, methyl- 
ethyl ether, methyl-n-propyl ether, methyl-isopropyl ether, ethyl-t-butyl ether, and di-n- 
butyl ether groups. 



Illustrative examples of polyalkylene groups include polyethylene, polypropylene, poly- 
n-butylene, polyisopropylene, polyisobutylene, and co-polyalkylene groups thereof. In 
another embodiment, each of the two R 2 groups is a polyalkylene group containing 25 or 
more carbon atoms. 

[0061] In another embodiment, at least one R 2 is a polyether group. Illustrative 
examples of polyether groups include polyalkylene glycol groups such as polyethylene 
glycol, polypropylene glycol, polybutylene glycol, and co-polyether groups thereof. In 
certain embodiments, R 2 is a co-polymeric group of two or more of the polyalkylene 
and/or polyether groups. For instance, R 2 may be a co-polymeric group of polyethylene 
and poly(ethylene glycol). 

[0062] A polyalkylene group and a polyether group may be branched or unbranched, 
cyclic or acyclic, substituted or unsubstituted. Also, R 2 may be a random co-polymeric 
group such as a poly(ethylene-ran-l,2-butylene) group, or block co-polymeric group such 
as polyethylene-block-poly(ethylene glycol). Each R 2 may be different, or two, three, or 
all four R groups may be identical. In addition, the above formula encompasses a 
plurality of stereoisomers (both geometric and optical). For instance, the chemical 

■I <-y 

formula (R )2Sn(R ) 2 includes the embodiments of both of the following which have 
different arrangements of the R 1 and R 2 groups about the Sn atom: 



[0063] In certain embodiments, each R is an alkyl group while each R is a 
polyalkylene group or a polyether group. In other embodiments, each R 1 is an alkyl ether 



[0060] Each R is a polymeric group containing 25 or more carbon atoms. In one 
embodiment, at least one R is a polyalkylene group containing 25 or more carbon atoms. 
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group while each R 2 is a polyalkylene group or a polyether group. In still other 
embodiments, one R 1 is an alkyl group and the other R 1 an alkyl ether group while one R 2 
is a polyalkylene group and the other R 2 is a polyether group. 

[0064] In another aspect, embodiments of the invention feature a method of preparing a 
polymer-containing catalyst. In one embodiment, the method includes the steps of 
providing an organo-metal compound that contains an alkoxy metal moiety; providing a 
polymer that contains 25 or more carbon atoms, a hydroxyl group, and at least one of a 
polyalkylene group and a polyether group; and contacting at an elevated temperature the 
organo-metal compound and the polymer. Without wishing to be bound by any particular 
theory, it is the chemical reaction between the alkoxy metal moiety of the organo-metal 
compound and the hydroxyl group of the polymer that results in a polymer-containing 
catalyst, although other explanations are possible. 

[0065] In one embodiment of the invention, the organo-metal compound is an organo- 
titanium compound, and the alkoxy metal moiety is an alkoxy titanate moiety. 
Illustrative examples of the organo-metal compound include tetra-isopropyl titanate, 
tetra-n-butyl titanate, and di-isopropyl-di-n-butyl titanate. In another embodiment, the 
organo-metal compound is an organo-tin compound, and the alkoxy metal moiety is an 
alkoxy tin moiety. Such an embodiment may include, for example, stannous ethoxide as 
the organo-metal compound. 

[0066] The organo-metal compound may contain more than one alkoxy metal moieties, 
which may be identical or different moieties. The organo-metal compound may contain 
two or more metal atoms. In one embodiment, the organo-metal compound contains both 
a titanium atom and a tin atom. Thus, there may be two or more types of alkoxy metal 
moieties based on the metal atom they contain. Illustrative examples of organo-metal 
compounds suitable for converting to polymer-containing catalysts may be selected from 
Tables 1 and 2 above. 

[0067] The hydroxyl-functionalized polymer that may be employed in preparing 
polymer-containing catalysts includes branched or unbranched, cyclic or acyclic, 
substituted or unsubstituted polymeric groups having 25 or more carbon atoms. The 
hydroxyl-functionalized polymer contains a hydroxyl group, which may or may not be 
located at a terminal of the polymeric chain. 
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[0068] In one embodiment, the hydroxyl-functionalized polymer employed contains a 
polyalkylene group containing 25 or more carbon atoms. Illustrative examples of 
polyalkylene groups include polyethylene, polypropylene, poly-n-butylene, 
polyisopropylene, polyisobutylene, and co-polyalkylene groups thereof. In another 
embodiment, the hydroxyl-functionalized polymer contains a polyether group having 25 
or more carbon atoms. Illustrative examples of polyether groups include polyalkylene 
glyocl groups such as polyethylene glycol, polypropylene glycol, polybutylene glycol, 
and co-polyether groups thereof. In certain embodiments, the hydroxyl-functionalized 
polymer is a co-polymeric group of two or more alkylene and/or ether monomers. For 
example, the polymer may be a random co-polymeric group such as a poly(ethylene-ran- 
1,2-butylene) group, or block co-polymeric group such as polyethylene-block- 
poly(ethylene glycol). The polyalkylene group and the polyether group may be branched 
or unbranched, substituted or unsubstituted, cyclic or acyclic. In addition, the hydroxyl- 
functionalized polymer may contains two or more hydroxyl groups. 
[0069] The organo-metal compound and the hydroxyl-functionalized polymer may be 
separately dissolved in one or more solvents, then mixed. Alternatively, they may be 
dissolved one after another or simultaneously into a single solution. Any solvent may be 
used as long as it does not interfere with the preparation of the desired polymer- 
containing compound. Illustrative examples of solvents include toluene, o-xylene, 
chlorobenzene, and o-dichlorobenzene. Mixing of the organo-metal compound and/or 
the polymer with solvent(s) may be conducted under ambient air or under an inert 
environment, such as in nitrogen or argon. 

[0070] The step of contacting the organo-metal compound and the hydroxyl- 
functionalized polymer typically is performed at an elevated temperature. However, the 
reaction proceeds at lower temperatures as long as one or more products are sufficiently 
removed (e.g., by applying sufficient vacuum to remove the alcohol produced in the 
reaction). In one embodiment, the contacting step is conducted at ambient temperature. 
In another embodiment, the contacting step is conducted at a temperature within a range 
from about 35°C to about 260°C. In yet another embodiment, the step is conducted at a 
temperature within a range from about 100°C to about 200°C. In yet another 
embodiment, the step is conducted at a temperature within a range from about 150°C to 
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about 200°C. Depending on the alcohol to be removed, the reaction temperature and 
pressure may be selected to effect removal of alcohol. 

[0071] The above-described reaction may be conducted in any reaction vessel as long 
as the desired polymer-containing catalysts are obtained. In addition, the reaction may be 
run at various scales and concentrations. The reaction may be monitored by any means 
allowing assessment of the progress of the reaction including chromatography and 
measurement of the amount of alcohol liberated from the reaction between the organo- 
metal compound and the hydroxyl-functionalized polymer. After the desired degree of 
reaction is achieved, residue solvent may be removed by distillation with or without 
vacuum. Upon cooling, the polymer-containing organo-metal catalyst solidifies and can 
be converted into a powder form, e.g., by using a laboratory blender. The powdered 
catalyst may be blended with other materials such as a macrocyclic oligoester, as 
discussed hereinafter. 

[0072] The yield of the polymer-containing organo-metal catalysts is typically in the 
range from about 95% of quantitative yield up to quantitative yield according to the 
hydroxyl-functionalized polymer. However, lower yields, such as yields around 60%, 
70%, or 80%, may be desirable and can result depending on how reactions are carried 
out. In one embodiment, the yield of the polymer-containing organo-metal catalysts is in 
the range from about 95% to 99.9%. In another embodiment, the yield of the polymer- 
containing organo-metal catalysts is in the range from about 97% to 99.9%. In yet 
another embodiment, the yield of the polymer-containing organo-metal catalysts is in the 
range from about 98.5% to 99.9%. 

[0073] The purity of the polymer-containing organo-metal catalysts is typically in the 
range from about 95% to about 99.9% by weight. However, lower purities, such as 
purities around 60%, 70%, or 80% by weight, may be adequate and can result depending 
on how reactions are carried out. In one embodiment, the purity of the polymer- 
containing organo-metal catalysts is in the range from about 95% to 99.9%. In another 
embodiment, the purity of the polymer-containing organo-metal catalysts is in the range 
from about 97% to 99.9%. In yet another embodiment, the purity of the polymer- 
containing organo-metal catalysts is in the range from about 98.5% to 99.9%. 
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[0074] Embodiments of the invention also include a mixture of reaction products 
prepared by the method discussed herein. In one embodiment, the molar ratio of the 
hydroxyl-functionalized polymer and the organo-metal compound is greater than 0 and 
less than or equal to 4. In other embodiments, the molar ratio of the polymer and the 
organo-metal compound is within a range from about 0.5 to about 3.5, from about 1.0 to 
about 3.0, from about 1.5 to about 2.5, and from about 2 to about 2.5. These 
embodiments include mixtures of reaction products in which there is incomplete 
attachment of polymer-containing units onto the metal. For instance, the mixture of 
reaction products may containing a mixture of compounds each having the general 
formula 

(R 1 — Y ! -)i — M — (-Y 2 — R 2 )j, 
with various i and j combinations, as discussed herein. 

[0075] In yet another aspect, embodiments of the invention feature a polymer- 
containing catalyst that is prepared by bonding a catalyst with one or more polymeric 
groups. Each of the one or more polymeric groups contains 25 or more carbon atoms. 
One or more of the polymeric groups includes a polyalkylene group that has 25 or more 
carbon atoms, a polyether group, or both. Although the description above focuses on the 
use of organo-metal catalysts, embodiments of the invention do include polymer- 
containing catalysts generally, even if they are not organo-metal catalysts. 
[0076] Illustrative examples of catalysts that may be modified into polymer-containing 
catalysts include metals, alloys, and intermetallic compounds; oxides; salts; sulfides; 
acids; bases; Afunctional compounds; organic ion exchangers; metal coordination 
complexes (such as Ziegler-Natta catalysts); zeolites; and enzymes. Illustrative examples 
of catalysts may include catalysts which are supported, unsupported, precipitated, 
impregnated, skeletal, fused, molten, dried, calcinated, and reduced, for instance. 
[0077] In some embodiments, the catalyst contains a metal. The metal may be one or 
more metallic elements and/or the oxides, sulfides, or halides of metallic elements or of 
the semimetallic elements boron, aluminum, and silicon. Metallic elements include alkali 
metals, alkali earth metals, transition metals, metalloids, and other metals. 
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II. Blend Material of Macrocyclic Oligoesters and Polymer-Containing 

Organo-Metal Catalysts 
[0078] In another aspect, the invention features a blend material including a 
macrocyclic oligoester and a polymerization catalyst of the invention, wherein the 
macrocyclic oligoester has a structural repeat unit of the formula 



0 O 
0 A O C B C 

where A is an alkylene, a cycloalkylene, or a mono- or polyoxyalkylene group; B is a 
divalent aromatic or alicyclic group. The polymerization catalyst includes a polymeric 
group comprising 25 or more carbon atoms. 

[0079] Illustrative examples of macrocyclic oligoesters in the above blend material 
include macrocyclic oligoesters of ethylene terephthalate, 1,4-butylene terephthalate, 1,3 
propylene terephthalate, 1,4-cyclohexylenedimethylene terephthalate, 1,2-ethylene 2,6- 
naphthalendicarboxylate, and macrocyclic co-oligoesters containing two or more of the 
above or other monomer repeat units. An embodiment may use more than one of the 
above macrocyclic oligoesters. For instance, an embodiment may use mixtures 
macrocyclic oligoesters of 1,4-butylene terephthalate and ethylene terephthalate in 
preparing the blend material. 

[0080] The polymerization catalyst that may be used in preparing the blend material 
may include any of the polymer-containing organo-metal catalysts discussed herein. 
[0081] In one embodiment, the blend material also includes a filler. Illustrative 
examples of such fillers include pigments, light-weight fillers, flame retardants, and 
ultraviolet light stabilizers. For example, calcium carbonate may be used to increase the 
thickness of a polyester polymer product to improve its mechanical performance. Also, 
glass microspheres may be added to lower the density of the product. Other fillers 
include nanoclays, for instance, to increase the modulus of the product, organo bromides 
in combination with antimonium oxides, for example, to impart flame resistance, and 
colorants such as carbon black or titanium dioxide. 
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[0082] A blend material prepared according to the present invention typically has a 
relatively long shelf life and may be used in one-step polymerization processes. In one 
embodiment, the blend material has a shelf life of at least one week, preferably one to 
two months, most preferably six months to one year. The long shelf life allows more 
versatile production of polymer products from macrocyclic oligoesters. Sensitivity of the 
catalyst to moisture under storage conditions is diminished, and rapid polymerization 
takes place upon heating the blend material Molding applications, for example, may be 
simplified and/or improved, because no mixing is required in the polymerization step. 
Processes in which these blends may be advantageously used include, for example, 
injection and rotational molding, resin film infusion, resin transfer molding, filament 
winding, powder coating to create a prepreg or film, hot melt prepreg preparation, 
compression molding, roll wrapping, water slurry, and pultrusion, with or without 
reinforcement. 

[0083] In certain embodiments, the volume ratio of the macrocyclic oligoester to the 
polymerization catalyst in the blend material is within a range from about 2:1 to about 
50:1, from about 5:1 to about 40:1, from about 5:1 to about 30:1, from about 10:1 to 
about 30:1, and from about 10:1 to about 20:1. The relatively high molar volume and/or 
molecular weight of the polymer-containing catalyst allows the use of lower ratios of 
macrocyclic oligoester to polymerization catalyst than would be possible using 
conventional, non-polymer-containing catalysts. There are many applications in which 
this would be advantageous. For example, in liquid injection molding applications, 
metering and mixing of a small amount of catalyst evenly into a relatively large amount 
of macrocyclic oligoester may require sophisticated and costly metering and mixing 
equipment, or it may be prohibitively expensive or impractical. With a lower volume 
ratio of macrocyclic oligoester to catalyst, it is easier to properly mix and distribute the 
polymerization catalyst throughout the mold. 

III. Polymerization of Macro cylic Oligoesters 

[0084] In yet another aspect, the invention features a method for polymerizing a 
macrocyclic oligoester using a polymer-containing organo-metal catalyst of the 
invention. The method includes the step of contacting, at an elevated temperature, a 
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macrocyclic oligoester and a polymerization catalyst having a polymeric group with 25 or 
more carbon atoms. 

[0085] Preferably, the macrocyclic polyester oligomer is polymerized by heating the 
macrocyclic polyester oligomer and catalyst to an elevated temperature. Often the 
macrocyclic polyester oligomer is heated to above its melting point so it becomes less 
viscous and can be manipulated easier in processing. Subsequently, the temperature may 
be maintained or increased to initiate and complete the polymerization reaction. In some 
embodiments, the macrocyclic polyester oligomer and catalyst are heated to a 
temperature from about 130°C to about 250°C, from about 160°C to about 220°C, and 
from about 180°C to about 190°C to initiate and complete polymerization. Stirring may 
be employed under an inert atmosphere in order to enhance polymerization of the 
macrocyclic polyester oligomer to produce the desired polyester polymer. In one 
embodiment, the polymerization is conducted under air atmosphere. In another 
embodiment, the polymerization is conducted under inert atmosphere. 
[0086] Illustrative examples of macrocyclic oligoesters include macrocyclic oligoesters 
of ethylene terephthalate, 1,4-butylene terephthalate, 1,3 -propylene terephthalate, 1,4- 
cyclohexylenedimethylene terephthalate, 1,2-ethylene 2,6-naphthalendicarboxylate, and 
macrocyclic co-oligoesters based on two or more of the above or other monomer repeat 
units. The polymerization catalyst may include any of the polymer-containing organo- 
metal catalysts discussed herein. 

[0087] In one embodiment, two or more species of macrocyclic oligoesters may be 
polymerized together, for example, the mixture of macrocyclic oligoesters of butylene 
terephthalate and of ethylene terephthalate. In one embodiment, the macrocyclic 
oligoester and the polymerization catalyst are components of a blend material. 
[0088] In yet another aspect, the invention features a method for polymerizing a 
macrocyclic oligoester. The method includes the steps of providing a molten 
macrocyclic oligoester; providing a molten polymerization catalyst of the invention; and 
contacting the molten macrocyclic oligoester and the molten polymerization catalyst, 
thereby causing polymerization of the macrocyclic oligoester. The polymerization 
catalyst contains a polymeric group having 25 or more carbon atoms. 
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[0089] In some embodiments, the step of contacting the molten macrocyclic oligoester 
and the molten polymerization catalyst first takes place in a mold. In other embodiments, 
the step of contacting the molten macrocyclic oligoester and the molten polymerization 
catalyst first takes place outside of a mold. In some embodiments, the step of providing a 
molten macrocyclic oligoester is performed by injecting the molten macrocyclic 
oligoester into a mold and the step of providing a molten polymerization catalyst is 
performed by injecting molten polymerization catalyst into the mold. The steps of 
injecting a molten macrocyclic oligoester into the mold and injecting a molten 
polymerization catalyst into the mold may be done with any suitable injection equipment 
and in any order including injecting a molten macrocyclic oligoester and a molten 
polymerization catalyst simultaneously into the mold, and including injecting a mixture 
of molten macrocyclic oligoester and a molten polymerization catalyst into the mold. 
[0090] In some embodiments, molten macrocyclic oligoester is provided in a mixing 
chamber, and molten polymerization catalyst is also provided in a mixing chamber. The 
molten macrocyclic oligoester and polymerization catalyst are mixed, and are then 
introduced into a mold. The mixing chamber can be any sort of container or vessel 
sufficient for contacting the macrocyclic oligoester and polymerization catalyst. For 
example, a magnetic or mechanical mixer with a suitable vessel could be used. 
Alternatively, a container suitable for manual mixing could be used. A mold or a portion 
of a mold can serve as a mixing chamber. 

[0091] After polymerization is complete, the mold may be opened to retrieve the 
formed articles with or without cooling the mold depending on the temperature of the 
polymerization reaction. 

[0092] In certain embodiments, the volume ratio of the macrocyclic oligoester to the 
polymerization catalyst is within a range from about 2:1 to about 50:1, from about 5:1 to 
about 40:1, from about 5:1 to about 30:1, from about 10:1 to about 30:1, and from about 
10: 1 to about 20: 1 . The relatively high molar volume and/or molecular weight of the 
polymer-containing catalyst allows the use of lower ratios of macrocyclic oligoester to 
polymerization catalyst than would be possible using conventional, non-polymer- 
containing catalysts. Because metering and mixing a small amount of catalyst evenly 
into a relatively large amount of macrocyclic oligoester requires sophisticated and costly 
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metering and mixing equipment, it is easier to properly mix and distribute catalyst 
throughout the mold using the polymerization catalysts described herein. 

Examples 

[0093] The following non-limiting examples are provided to further illustrate and to 
facilitate the understanding of the invention. These specific examples are intended to be 
illustrative of the invention. The products obtained from these examples may be 
confirmed by conventional techniques such as proton and carbon- 13 nuclear magnetic 
resonance spectroscopy, mass spectroscopy, infrared spectroscopy, differential scanning 
calorimetry, gel permeation chromatography, and other chromatographic analyses. 

Preparation of Polymer -Containing Organo-Metal Catalysts 
Example 1 

[0094] A mixture of 50.0 grams (10.72 mmol hydroxyl group) of poly(ethylene-ran- 
1,2-butylene) mono-ol (approximate number average molecular weight Mn = 4200 
Daltons, molecular weight units omitted hereinafter) and approximately 30 mL of toluene 
was charged to a 250-mL three-neck round-bottom flask equipped with a distillation 
adapter, a magnet stirring bar, and a nitrogen inlet. The mixture was stirred and heated to 
reflux under nitrogen during which time approximately 20 mL of toluene was removed 
by distillation. The mixture was then cooled to about 100°C, and 0.76 grams (2.68 mmol) 
of tetra-isopropyl titanate was added to the mixture via a syringe. The corresponding 
molar ratio of hydroxyl group of the polymer to titanium was approximately 4.00: 1 . The 
mixture was heated and kept under reflux for an additional 30 minutes at about 150°C, 
and then isopropyl alcohol was removed by distillation at a distillation temperature within 
a range from about 85°C to 90°C. After the liberation of isopropyl alcohol stopped, the 
residue solvent was removed by distillation under vacuum in an oil bath at a temperature 
of about 150°C. Upon cooling, 50.0 grams of a clear, highly viscous material was 
obtained, corresponding to a yield of 99.7% of the theoretical maximum. The product 
contains the compound, tetrakis-poly(ethylene-ran-l,2-butylene) titanate, having the 
following formula: 
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CHCH 2 ^ — ^ CH 2 CH 2 j — H 



CH2CH3 



Example 2 

[0095] The procedure of Example 1 was employed for the reaction of 50.0 grams 
(58.39 mmol hydroxyl group) of polyethylene monoalcohol (approximate number 
average molecular weight Mn = 856) with 4.06 grams (14.29 mmol) of tetra-isopropyl 
titanate in toluene at reflux temperature. The corresponding molar ratio of hydroxyl 
group of the polymer to titanium was about 4.09: L After removal of isopropyl alcohol 
and toluene and upon cooling, the clear and viscous liquid solidified. The yield was 49.0 
grams, or about 98.8% of the theoretical maximum. The white solid product has a 
melting temperature of approximately 108°C. The product contains the compound, 
tetrakis-poly(ethylene) titanate, having the following formula: 



Example 3 

[0096] The procedure of Example 1 was employed for the reaction of 40 grams (42.15 
mmol hydroxyl group) of polyethylene-block-poly(ethylene glycol), having a number 
average molecular weight Mn of about 875 and containing 21 % by weight of ethylene 
oxide units, with 2.97 grams (10.43 mmol) of tetra-isopropyl titanate in approximately 30 
mL of toluene at reflux temperature. The corresponding molar ratio of hydroxyl group of 
the polymer to titanium was about 4.04:1 . After removal of isopropyl alcohol and 
toluene and upon cooling, the clear and viscous liquid solidified. The yield was 39.2 
grams, or about 98% of the theoretical maximum. The white solid product has a melting 
temperature of approximately 106°C. The product contains the compound, tetrakis- 
[poly(ethylene)-block-poly(ethylene glycol)] titanate, having the following formula: 



Ti- 




n 



4 
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• 0 -f CH 2 CH 2 0}^{- CH 2 CH 2 )-H 



Example 4 

[0097] The procedure of Example 1 was employed for the reaction of 1 8.05 grams 
(21.08 mmol hydroxyl group) of polyethylene-block-poly(ethylene glycol), having a 
number average molecular weight Mn of about 875 and containing 21 % by weight of 
ethylene oxide units, and 25.0 grams (10.335 mmol) of poly(ethylene-co-l,2-butylene) 
diol with 2.94 grams (10.335 mmol) of tetra-isopropyl titanate in approximately 30 mL of 
toluene at reflux temperature. The corresponding molar ratio of hydroxyl group of the 
polymer to titanium was about 4.04: 1 . After removal of isopropyl alcohol and toluene 
and upon cooling, the clear and viscous liquid solidified. The yield was 42.5 grams, or 
about 98.5% of the theoretical maximum. The white solid product has a melting 
temperature of approximately 100°C. The produce contains the compound having the 
following formula: 



CH?CH-j 

| 

H-fH 2 CH 2 Cy-OH 2 CH 2 c)jO^ ^-(-CHjCHj^f-CHjCH^-O ^-(-CH.CHp^CH.CH^H 

/ T \ 

H-fH.CH.C^-OH.CH.C^O 0-(-CH 2 CH 2 ^CH 2 CH^O ^-(-CH.CHp^CH.CH^H 

CH2CH3 



Example 5 

[0098] A vial (21x70mm, 4drum) equipped with a magnetic stirring bar and a 
nitrogen/vacuum adaptor was charged with 5.0 grams (5.269 mmol hydroxyl group) of 
polyethylene-block-poly(ethylene glycol), having a number average molecular weight 
Mn of about 875 and containing 21 % by weight of ethylene oxide units, and 0.669 grams 
(2.634 mmol Sn) of dibutyltin oxide. The vial was then immersed into an oil bath at 
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1 90°C. Upon melting, the liquid was heated for one hour while under vacuum to remove 
water. At the end of the reaction, as monitored by the distillation of butyl alcohol, 
vacuum was released with nitrogen, and the vial was taken out and cooled. The liquid 
solidified upon cooling. 5.6 grams of a white solid was recovered, corresponding to a 
yield of 99.9% of the theoretical maximum. The white solid has a melting temperature of 
106°C. The product contains the compound, di-butyl-bis-[poly(ethylene)-block- 
poly(ethylene glycol)] stannoxane, having the following formula: 



0—(^ CH 2 CH 2 oj-[~ CH 2 CH 2 j-H 
H 3 CH 2 CH 2 CH 2 CH 2 C — Sn^ 

H 3 CH 2 CH 2 CH 2 CH 2 C 0-^CH 2 CHO^CH 2 CH 2 j-H 



Polymerization of Macrocyclic Oligoester s Using Polymer-Containing 
Titanate Catalysts 
Example 6 

[0099] The macrocyclic oligoester used was macrocyclic co-oligoester having various 
degrees of oligomerization and containing about 95 mole percent of butylene 
terephthalate units and 5 mole percent of ethylene terephthalate units. A vial (21x70mm, 
4-drum) equipped with a magnetic stirring bar and a nitrogen/vacuum adapter was 
charged with 2.0 grams (8.91 mmol based on structural units) of the macrocyclic 
oligoester. The macrocyclic oligoester was dried by heating at approximately 190°C at 
about 1 torr for about 5 minutes in an oil bath. The vacuum was released with nitrogen, 
and the mixture was cooled to room temperature. Various quantities of polymerization 
catalyst were then added, and the vial was re-immersed in the oil bath at 1 90°C. A 
reaction timer was started once the mixture was fully melted. The time for the melt to 
stop the rotation of the stirring bar was noted as an indication of the induction period. 
After the stirring bar stopped rotating, heating under nitrogen was continued for about 15 
minutes during which time the polymerized product began to crystallize, yielding a white 
solid. At the end of the polymerization, the vial was cooled to room temperature and 



28 



broken to remove the polyester product, which was analyzed by gel permeation 
chromatography to determine percent polymerization and approximate weight average 
molecular weight relative to polystyrene. The results are shown in Table 3 along with a 
control polymerization wherein tetra-isopropyl titanate was the polymerization catalyst. 



Table 3. Polymerization of Macrocyclic Oligoester Using 
Polymer-Containing Titanate Catalysts 



Catalyst 


[Catalyst] 
Mole % 


Volume Ratio 
M. Oligoester 
to Catalyst 


Induction 
Period, 
seconds" 


Poly'n Time, 
minutes 


Ploymer 
Yield, % 


Mwof 
Polymer 


Control" 


0.30 


217:1 


5 


15 


97 


93,000 


Example 1 


0.30 


3.3:1 


30 


15 


97 


92,800 


Example 2 C 


0.30 


18:1 


20 


15 


95 


154,600 


Example 2 d 


0.30 


18:1 


20 


15 


95 


120,600 


Example 2 e 


0.30 


18:1 


20 


15 


96 


142,400 


Example 3 


0.30 


15.6:1 


20 


2 


96 


94,000 


Example 4 


0.30 


14.4:1 


20 


2 


93 


123,000 



a) time required to stop rotation of stir bar 

b) tetra-isopropyl titanate 



c) catalyst had been exposed to air for 3 hours before use 

d) catalyst had been exposed to air for 24 hours before use 

e) catalyst had been exposed to air for 96 hours before use 

Preparation of Blend of Macrocyclic Oligoester and Polymer-Containing 
Titanate Catalysts 
Example 7 - Solution Mixing 

[00100] A mixture of 20.0 grams (90.91 mmol ester group) of macrocyclic oligoester 
(same as that used in Example 6) and 0.777 grams (0.2727 mmol Ti) of the polymer- 
containing organo-metal catalyst prepared in Example 2, and 50 mL of toluene were 
added to a 250-mL one-neck round-bottom flask. The mixture was heated to about 100°C 
in an oil bath. Upon heating, the mixture became a clear solution. The flask was then 
transferred onto a rotavapor and toluene was removed under vacuum at about 80°C. The 
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resulting solid was ground to a powder and dried further at about 80°C under vacuum, 
overnight. 

Example 8 - Powder Mixing 

[00101] A mixture of 20.0 grams (90.91 mmol ester group) of macrocyclic oligoester 
(same as that used in Example 6) and 0.777 grams (0.2727 mmol Ti) of the polymer- 
containing organo-metal catalyst prepared in Example 2 was added to a 100-mL lab 
blender. The mixture was mixed at high speed for two minutes. The resulting powder 
was then dried at about 80°C under vacuum, overnight. 

Example 9 - Comparative Example 

[00102] A mixture of 20.0 grams (90.91 mmol ester group) of macrocyclic oligoester 
(same as used in Example 6), 77.5 mg (0.2727 mmol Ti) of tetra-isopropyl titanate, and 
about 50 mL of toluene were added to a 250-mL one-neck round-bottom flask. The 
mixture was heated to about 100°C in an oil bath. Upon heating, the mixture became a 
clear solution. The flask was then transferred onto a rotavapor and toluene was removed 
under vacuum at about 80°C. The resulting solid was ground to a powder and dried 
further at about 80°C under vacuum, overnight. 

Polymerization of Blends of Macrocyclic Oligoester and Polymer-Containing 
Titanate Catalysts 
Example 10 

[00103] A small vial (21x70mm, 4drum) was charged with 2.0 grams of the powdered 
one-component ready-to-use macrocyclic oligoesters composition prepared in Examples 
7 and 8. The vial was equipped with a nitrogen/vacuum adaptor, and the powder was 
degassed under vacuum for 3 minutes. The vacuum was then released with nitrogen,and 
the vial was heated to approximately 190°C with a preheated oil bath at about 190°C. 
The composition was heated for various periods of time, and the polymerized product 
usually began to crystallize to a white solid within minutes. At the end of the 
polymerization, the vial was cooled to room temperature and broken to remove the 
polyester product, which was analyzed by gel permeation chromatography to determine 
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percent polymerization and weight average molecular weight relative to polystyrene. The 
results are shown in Table 4 along with a control blend material with tetra-isopropyl 
titanate as catalyst (Example 9 - Comparative Example). 



Table 4. Polymerization of Blend Materials 



Blend 


Poly'n Time, 
minutes 


Polymer Yield % 


Mw of Polymer 


Control (Ex. 9) 


15 


0 




Example 7 


0.5 


42 


49,900 


Example 7 


1.5 


51 


61,100 


Example 7 


3.5 


67 


80,800 


Example 7 


8.5 


77 


96,300 


Example 7 


13.5 


77 


97,700 


Example 8 


0.5 


70 


78,200 


Example 8 


2.5 


90 


107,200 


Example 8 


5.5 


97 


115,500 


Example 8 


8.5 


96 


122,700 


Example 8 


13.5 


97 


129,900 



Polymerization of Macrocvclic Olizoesters Using Polymer-Containing: Ormno-Tin 
Catalysts 

Example 11 

[00104] A small vial (21x70mm, 4drum) was charged with 2.0 grams (8.91 mmol based 
on structural units) of macrocyclic oligoester (same as that used in Example 6). The vial 
was equipped with a magnetic stirrer and a nitrogen/vacuum adaptor. The macrocyclic 
oligoester was dried by heating at approximately 190°C at about 1 torr for 5 minutes. The 
vacuum was released with nitrogen, and the mixture was cooled to room temperature. 
Next, 58.1 mg of tin catalyst (0.3 mole % tin based on macrocyclic oligoester) from 
Experiment 5 was added, and the vial was reheated with an oil bath at about 190°C for 
about 5 minutes. At the end of the polymerization, the vial was cooled to room 
temperature and broken to remove the polyester product, which was analyzed by gel 
permeation chromatography to determine percent polymerization and approximate weight 
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average molecular weight relative to polystyrene. The product had an approximately 
94% polymerization and a weight average molecular weight of about 123,000. 
[00105] Each of the patent documents disclosed hereinabove is incorporated by 
reference herein in its entirety. Variations, modifications, and other implementations of 
what is described herein will occur to those of ordinary skill in the art without departing 
from the spirit and scope of the invention as claimed. Accordingly, the invention is to be 
defined not by the preceding illustrative description but instead by the spirit and scope of 
the following claims. 
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